Silver lenses having super-resolution are analyzed in terms of antisymmetric modes of surface plasmon which have the ability to amplify evanescent waves in UV region. Antisymmetric surface plasmon modes excited by subwavelength grating enhances the resolution and contrast of silver superlens. By using a 20 nm-thick silver superlens, the half-pitch resolution of ∼ λ 0 /8 can be achieved with good contrast at a free space wavelength of 435 nm. The resolution of silver superlens can also be improved using shorter illumination wavelength. We show that the thinner the lens, the better the imaging ability of the silver superlens due to the excitation of antisymmetric surface plasmon modes of higher propagation wave vectors. The thickness of lens is varied from 20 to 40 nm in a three layer system, SiO 2 -Ag-SiO 2 . Obtained results illustrate that practical application for patterning periodic structures with good contrast and penetration depth can be achieved by using antisymmetric surface plasmon modes. 
Introduction
Conventional lenses create images by capturing propagating waves from an object. They, however, cannot control evanescent waves that contain a lot of information about the object. The absence of evanescent waves results in the diffraction-limited image of the object which is about a half of a free space wavelength (λ 0 ). In 2000, an interesting theory about a perfect lens was proposed by Pendry [1] . He theoretically showed that a slab of negative index material (NIM) can be used to produce optical images with resolution below the diffraction limit through amplification of evanescent waves as well as focusing propagating waves. The key of Pendry's theory, which was based on a 30-year-old theory by Veselago [2] , was that the evanescent waves could be enhanced through the excitation of a collective movement of surface waves and refocused by a slab of NIM. Hence the perfect lens can create a perfect image by completely recovering both the propagating and evanescent waves. Furthermore, Pendry suggested that the dependence on the magnetic permeability μ of the perfect lens is eliminated at the electrostatic limit and only the dielectric constant ε needs to be negative to support resonant surface waves for one specific polarization. For example, a silver slab under UV light can act as a perfect lens. In the case of a silver slab, however, the term "superlens" is used instead of "perfect lens" because the imaginary part of the dielectric constant ε of silver slab obstructs perfect focusing. Optical imaging with super-resolution below the diffraction limit was experimentally demonstrated using a thin slab of silver at optical frequencies [3, 4] .
Previous studies [4] [5] [6] on silver lenses reported that the enhancement of evanescent waves strongly depends on the thickness of silver and bound layers. The super-resolution confirmed by experimental studies is up to λ 0 /6 using the optimized thickness of silver and bound layers in order to maximize the enhancement of evanescent waves [4] . This resolution has been accepted rightfully to be the best possible value in UV region as the fact that the material loss in a metal becomes dominant is taken into consideration.
For the realization of optical superlensing with sub-diffraction-limit resolution, it is necessary for the surface plasmon (SP) waves to be excited at the silver surface to achieve the enhancement of the evanescent field through a silver slab. However, there is not just one SP mode for silver lenses [7, 8] . A lossy metal film such as a silver slab bounded by dielectric media can always support a total of four SP modes consisting of a symmetric, an antisymmetric, and leaky modes. Thus, a silver slab can enhance the magnitude of certain spatial frequency, which means that the propagation wave vector of corresponding SP mode becomes amplified. In this paper, we present theoretical analysis of silver lens in terms of SP modes and demonstrate that the antisymmetric SP (ASP) modes enables one to improve the resolution of silver superlens as the thickness of silver lens and/or the free space wavelength decreases.
Symmetric and antisymmetric surface plasmon modes
In order to obtain good near-field image, there have been many studies on the use of SP modes on silver or other metal films for lithography [9] [10] [11] [12] [13] . We employed SP modes analysis in a three layer system, SiO 2 -Ag-SiO 2 . As shown in Refs. 7 and 8, the SP mode in a thin metal film splits into a symmetric and an antisymmetric mode as the metal thickness decreases , and the symmetry is classified by the field distribution of the magnetic field parallel to the silver slab (H y ) as shown in Fig. 1(a) .
Symmetric mode
Antisymmetric mode This introduces the ASP mode to silver lens. According to Ref. 8 , Fig. 1 (b) illustrates the dispersion relation for the SPs on a silver layer bounded by SiO 2 for different thicknesses of silver film. The leaky modes are not considered here. The optical constants of silver are modeled using the Drude-Lorentz model [14] and those of SiO 2 are adopted from Palik data [15, 16] , respectively. In the figure, the black horizontal dotted line indicates the surface plasmon resonance (SPR) frequency of about 3.3 eV. It is observed that the real part of the propagation wave vector for the ASP mode increases as the thickness of silver film decreases. Whereas, the propagation wave vector for the symmetric SP mode below the SPR frequency increases as the thickness of silver film increases and the amount of increment is much smaller than that of the ASP mode with decreasing film thickness. Therefore, it is quite clear that the ASP mode can amplify corresponding higher spatial frequency as the thickness of metal film decreases.
We, however, consider only the cases in which the thickness of silver slab is thick enough to maintain the value of optical constants in bulk silver, which is above 20 nm [17] [18] [19] .
Results and discussion
Performance of silver superlenses using the ASP mode has been investigated with a grating structure depicted in Fig. 2(a) . Many studies have been carried out analyzing the performance of silver superlenses [20] [21] [22] [23] . We employed the finite-difference time-domain (FDTD) method using a freely available software package MEEP [24] to show the excitation of the ASP mode in a SiO 2 -silver-SiO 2 system. The considered structure consists of a chrome grating placed between SiO 2 and 20 nm-thick spacer layer, a silver film of 20, 30, and 40 nm thickness each, and SiO 2 as the background material as shown in Fig. 2(a) . The trenches of the chrome grating have a 50% duty-cycle and the grating period corresponds to the propagation wave vector of the ASP mode. The edges of the gratings are rounded off because the field enhancement at the edges create new light sources. In the x-direction the periodic boundary conditions (PBC) are employed and the perfectly matched layer (PML) absorbing boundary condition is applied in the y-direction. The grid size of the FDTD calculation was 0.5 nm. Fig. 2(e) is the H y mode profile along the broken arrow line in the z-direction shown in Fig. 2(b) . The field distribution apparently describes the profile of the ASP mode.
In order to determine the resolution of the imaging process, we estimated the ratio of the maximum to minimum of the field intensity which is called the image contrast [3] . However, the SP field fluctuates perpendicularly to the silver surface as a function of time. Thus, the time averaged total electric and magnetic energy density has to be employed. The image contrast is defined in Ref. 3 as
where ED max and ED min are the maximum and minimum energy density, respectively. Comparison of the contrast as a function of the distance from the silver surface is shown in Fig. 3(a) . The image contrast steadily increases until a certain distance in the z-direction because the SP excitation gives rise to the enhancement of both the maximum and minimum energy densities near the surface of silver slab. The maximum contrast occurs at about z = 30, 50 and 70 nm for 20, 30, and 40 nm-thick silver lenses, respectively. Similar results were reported using the vector electromagnetic field modelling [25] . As the SP wavelength becomes large (thicker silver lens), the spatial distribution of SP field perpendicular to the silver surface extends far into SiO 2 and the penetration depth of the SP field becomes larger than in the thinner silver lens [8, 26] . We also obtained the image constrasts for the three different silver films with the same grating period of 116 nm as shown in Fig. 3(b) . The silver superlens of only 20 nm-thick leads to the field enhancement due to the ASP mode and the image contrast at deeper depths maintains larger values than in the other thicker silver lenses. The line traces of the energy density profile along the x-axis which is measured at 10 nm below each silver slab are shown in the inset of Fig. 3(b) . The amplification of both the maximum and minimum energy densities originated in the ASP mode is obviously observed in the 20 nm-thick silver lens. These results show that the ASP mode can improve the resolution of the silver superlens and the resolution can be controlled by the thickness of the silver film. The ASP mode excited at the 20 nm-thick silver lens results in the half-pitch resolution with good contrast of ∼ λ 0 /8 at 435-nm illumination wavelength. Further analysis reveals that the resolution can be improved by using the light of shorter wavelength. Figure 4 (a) describes the image contrast as a function of the distance from the surface of the 20 nm-thick silver lens at a free space wavelength of 387.5 nm. The grating period corresponding to the propagation wave vector for the ASP mode is 66 nm (∼ λ 0 /12 half-pitch resolution). The contrast is about ten times smaller compared with the case of λ 0 = 435 nm with its maximum value at around z = 20 nm. The line traces of the energy density profile which are measured as a function of the distance z from the silver surface are shown in the inset. The maximum and minimum energy densities near the surface are strong and become weaker as the distance from the surface increases. The penetration depth of the SP field for thin silver film gets reduced with smaller mode size because the propagation wave vector of the ASP mode is larger [26] and the smaller mode size also leads to higher loss because of larger mode overlap with the silver slab. In Fig. 4(b) , the electric field parallel to the silver slab (E x ) (a) (b) Fig. 1(b) .
is displayed instead due to the weak intensity of the H y field, and it exhibits the profile of the ASP mode as can be seen in Fig. 1(a) . Although the image contrast is as low as less than 0.06, it is obvious from these results that the ASP mode plays a key role in improving the resolution of the silver superlens.
Conclusion
In conclusion, we studied the improvement of resolution of silver superlens as a function of the thickness of the silver film in terms of the ASP mode. The SP mode excited at the interface between silver slabs of various thicknesses and dielectric media splits into a symmetric and an antisymmetric mode. As the thickness of the silver lens decreases, the resolution of superlens can indeed be enhanced significantly because the propagation wave vector of the ASP mode increases. Silver superlens of 20 nm thickness shows ∼ λ 0 /8 half-pitch resolution with good contrast at 435 nm illumination wavelength and the resolution can be further improved by using the excitation wavelength of 387.5 nm to ∼ λ 0 /12. This technique offers design parameters for patterning periodic nanostructures because for a light source of fixed wavelength, desired resolution can easily be realized using a silver superlens sandwiched between properly chosen dielectric layers, and vice versa.
